We report here electrical properties of low-temperature-stacked electrodes for large-area flexible photonic devices, based on single-crystalline InP nanomembrane (NM) transfer and stacking processes. Au, Al and ITO electrodes were investigated. An excellent ohmic contact was demonstrated on the stacked InP NM-ITO electrode, with a measured contact resistivity of 0.45 cm 2 . Two types of flexible InP solar cells were also fabricated and characterized, based on the stacked InP NM-ITO and InP NM-Al contacts, respectively. The efficiency of solar cells with ITO as back contact is five times higher than that with Al as back contact. Such low-temperature energy-efficient NM transfer and electrode-stacking techniques can be applied to a wide range of flexible thin film photonic devices.
Introduction
Flexible electronic and photonic structures, the properties of which can be expanded and manipulated for electronic and photonic device applications via mechanical bending, are of great scientific and engineering importance. Such devices have their applications ranging from flexible imaging/displays, sensors, solar cells and conformal electronic/photonic integrated systems to potential integration into artificial muscles or biological tissues. Most flexible electronics research so far is based on organic, polymer and/or amorphous semiconductor material systems [1] [2] [3] [4] . On the other hand, higher performance flexible devices can be realized based on much higher quality flexible crystalline semiconductor nanomembranes (NMs). The high-quality single-crystalline silicon NMs (Si NM) have been released and transferred onto various foreign substrates, such as glass, flexible PET (polyethylene terephthalate) plastics, etc, based on lowtemperature transfer and stacking processes [5] [6] [7] [8] [9] [10] . Very high performance electronics based on transferable Si/SiGe NMs were already reported. NMs based on III-V (GaAs, InP, etc) and other material systems are also being developed for heterogeneous integration (membrane stacking) on Si and other foreign substrates, with desired electronic and photonic functions [11] [12] [13] [14] [15] [16] .
Unlike rigid-substrate-based devices, for which heavy doping of semiconductors and thermal annealing of the contacts can be conventionally used for forming ohmic contacts, it is quite challenging to form ohmic contacts on NMs transferred to low-temperature plastic substrates. Recently, we formed ohmic contacts on transferrable SiNMs by predoping them before release [17] . Those metal ohmic contacts were formed by conventional e-beam evaporation of metal on SiNMs. For plastic substrate-based flexible electronics and optoelectronic devices, such as solar cells, reduced thermal budget and simpler fabrication process are needed. Forming high-quality ohmic contacts without involving a vacuum-based process or a thermal process is thus highly desired. However, 
Experiments
The low (room) temperature energy-efficient NM transfer and electrode-stacking process is shown schematically in figure 1 . The starting material is a p-i-n InP layer (total thickness of 1 μm) grown on top of an InP substrate, with an InGaAs sacrificial layer sandwiched in between. Due to the weak mechanical properties of InP, it is a significant challenge to transfer larger area InP NMs without using any other supporting structures. We reported earlier a metalframe-assisted membrane transfer (FAMT) process for this purpose [16] . The Au finger contact (80 nm) here was formed on top of InP NM to offer desired mechanical strength for the successful transfer of large area InP NMs ( figure 1(a) ). For solar cell devices, this Au finger contact also serves as top electrode contact. Then release holes were formed on the top InP layer using wet etching. After etching away the sacrificial InGaAs layer, the metal-framed InP layer is detached from the InP-based substrate ( figure 1(b) ). The PET substrate with processed electrodes is used to pick up the InP NM. A final structure with a top metal-frame electrode and a bottom-stacked InP NM-ITO electrode is shown in figure 1 (d). Note here that the bottom contact is formed by stacking the highly doped InP NM layer on an electrode layer (ITO, Al or Au) at room temperature. Here no hightemperature annealing processes are involved. The FAMT process is highly repeatable, and we get a high yield of almost 80% for the successful transfer.
Shown in figure 2 are fabricated and transferred device structures. The thicknesses of p-, i-and n-type InP layers are 400, 100 and 500 nm, respectively (figure 2(a)). A microscope image of a large-area InP NM transferred to the flexible PET substrate is shown in figure 2(b) . The size of the transferred InP NM is 3 mm × 3 mm. The distance between two adjacent framed metal fingers is 200 μm. Note that the size of the transferred membranes reported here is limited by the size of the designed patterns on the mask. Much larger NMs can be transferred. It is also worth noting that the processes reported here can also be applied to other types of semiconductor materials, including Si, GaAs, etc.
Transfer length method (TLM) measurements [18] were employed to characterize the contact resistance of the stacked InP NM-ITO contacts. PET plastic sheets with different thin film coatings (i.e., ITO, Al, Au) were used as substrates. Patterned ITO electrodes were formed by wet etching using the HCl and H 3 PO 4 solution (1:4). Patterned Al or Au contacts were also formed, as reference samples, by thermal evaporation and wet etching processes. InP NMs were transferred to the patterned electrodes on PET substrates with different back contacts. The schematic structures and microscope image of InP NM transferred to the patterned ITO contacts on flexible PET substrates is shown in figure 2(c) . The distances between two adjacent ITO electrodes are 50, 100, 150, 200, 250, 300 μm, respectively. The width of each electrode is 100 μm. The width of the InP NM is 3 mm. resistance. On the other hand, the symmetric nonlinear I-V curve for the InP NM stacked on Al, or Au electrodes indicates very large contact resistance. In other words, ohmic contacts were not formed. For these contacts, significant potential barriers exist at the contact interfaces partially blocking the current flow. Under the same bias voltage (1 V), the current flow for the InP NM-Au contact structure is three orders smaller than that of the ITO contact. The difference of current levels between the Al contact and the Au contact may be related to different work functions of Au and Al. The work function of Au is higher than that of Al. The TLM measurement is used to characterize the contact resistance of InP NM metal. A test structure makes use of multiple contacts along the length of the InP NM, as shown in figure 4(a) . We can extract the contact resistance R c by the TLM measurement according to the following equation [18] :
Results and discussion
where ρ is the resistivity of the InP NM, L is the transmission length, S is the area of cross-section of the InP NM. The I-V curves between two adjacent electrodes with a different distance are shown in figure 4(b) . Under the same bias conditions, the current decreases linearly with the increase of the electrode distance. Figure 4(c) shows the total resistance obtained from the I-V characteristics as a function of the length between two adjacent metal contacts. R c can be extracted from the intersection of the linear fit at the axis of the total resistance. The difference between the fitted value resistance and experimental data may be related to the different adhesion conditions between the InP NM and different back electrodes. The specific contact resistivity ρ c is defined as ρ c = R c × A, where A is the contact area. Consequently, the specific contact resistivity of 0.45 cm 2 was determined experimentally from the TLM measurement. The transfer length measurements of InP NM-Al and InP NM-Au contacts were also carried out to further examine the contact properties. The characterization results are shown in figures 5(a) and (b), respectively. With different distances between the back contact electrodes, we obtained nonlinear current-voltage curves, which is similar to the results shown in figure 3 . Such nonlinear properties at any distance between the two back contact electrodes further confirm that the stacked InP NM-Al and InP NM-Au do not form good ohmic contacts (with large contact resistance and/or rectifying effect, which is due to the potential barriers at the interfaces).
In order to evaluate the effects of contacts on device performance, we fabricated InP NM solar cells, with stacked InP NM-ITO back contact. A reference cell with stacked InP NM-Al contact was also processed. The fabrication process is shown in figure 1 , where top Au electrodes were formed by e-beam evaporation before InP NM transfer and bottom InP NM-ITO electrodes were formed by stacking after transfer. All processes were carried out at room temperature. efficiency for the solar cells with ITO as the back contact is five times larger than that with Al contact. This is mainly due to the better ohmic contact of the InP NM with ITO and with Al. PC1D [19] was used to simulate the performance of these two types of solar cells. The modeled I-V curve with a series resistance of 600 matches with that of the InP NM-ITO solar cell. The other one with a series resistance of 2300 matches with that of the InP NM-Al solar cell. The simulations indicate that the series resistance is much smaller for the InP NM-ITO solar cell than that for the InP NMAl solar cell, which further confirms excellent ohmic contact formation for the stacked InP NM-ITO contact. Note that the solar cell reported here can have much high efficiency, with proper surface texturing/anti-reflection coating, and optimized electrical/optical configurations [20, 21] .
Conclusions
The InP p-i-n NM was stacked onto multi-electrodes on flexible PET substrates using a frame supported transferring process. The electrical properties of stacked contacts between the InP NM and different electrode (ITO, Al and Au) were investigated. The stacked InP NM-ITO contact has excellent ohmic contact characteristics, with the measured contact resistance of 0.45 cm 2 . A flexible InP solar cell stacking on back ITO and Al contact was fabricated and characterized to check the contact property further. The efficiency of the solar cell with back ITO contact is 1%, which is much higher than that with back Al contact. The study indicates a route toward high-performance optoelectronic devices with reduced processing procedures and lower cost.
